The bony labyrinth of vertebrates houses the semicircular canals. These sense rotational accelerations of the head and play an essential role in gaze stabilisation during locomotion. The sizes and shapes of the semicircular canals have hypothesised relationships to agility and locomotory modes in many groups, including birds, and a burgeoning palaeontological literature seeks to make ecological interpretations from the morphology of the labyrinth in extinct species. Rigorous tests of form-function relationships for the vestibular system are required to support these interpretations. We test the hypothesis that the lengths, streamlines and angles between the semicircular canals are related to body size, wing kinematics and flying style in birds. To do this, we applied geometric morphometrics and multivariate phylogenetic comparative methods to a dataset of 64 three-dimensional reconstructions of the endosseous labyrinth obtained using micro-computed tomography scanning of bird crania. A strong relationship between centroid size of the semicircular canals and body size indicates that larger birds have longer semicircular canals compared with their evolutionary relatives. Wing kinematics related to manoeuvrability (and quantified using the brachial index) explain a small additional portion of the variance in labyrinth size. We also find strong evidence for allometric shape change in the semicircular canals of birds, indicating that major aspects of the shape of the avian labyrinth are determined by spatial constraints. The avian braincase accommodates a large brain, a large eye and large semicircular canals compared with other tetrapods. Negative allometry of these structures means that the restriction of space within the braincase is intense in small birds. This may explain our observation that the angles between planes of the semicircular canals of birds deviate more strongly from orthogonality than those of mammals, and especially from agile, gliding and flying mammals. Furthermore, we find little support for relationships between labyrinth shape and flying style or wing kinematics. Overall, our results suggest that the topological problem of fitting long semicircular canals into a spatially constrained braincase is more important in determining the shape of the avian labyrinth than the specifics of locomotory style or agility. Our results tentatively indicate a link between visual acuity and proportional size of the labyrinth among birds. This suggests that the large labyrinths of birds compared with other tetrapods may result from their generally high visual acuities, and not directly from their ability to fly. The endosseous labyrinths of extinct birds and their close dinosaurian relatives may allow broad inferences about flight or vision, but so far provide few specific insights into detailed aspects of locomotion.
Introduction
The vertebrate vestibular system provides sensory information on head motion to the brain. These stimuli play a central role in stabilising the head during locomotion, and it is clear that some aspects of vestibular system morphology reflect the locomotory styles of species (e.g. the lengths, diameters and orientations of the semicircular canals; for review, see Spoor & Zonneveld, 1998; Spoor, 2003; Sipla & Spoor, 2008; Walsh & Milner, 2011; Ekdale, 2016) . This form-function relationship has been subject to significant quantitative investigation in mammals, primarily based on examination of the endosseous labyrinth (the bony fossa that houses the vestibular system; Spoor et al. 2007 ; Lebrun et al. 2010; Billet et al. 2012; Gunz et al. 2012; Malinzak et al. 2012; Alloing-S eguier et al. 2013; Berlin et al. 2013; Groh e et al. 2015; Pfaff et al. 2015) . In contrast, there have been few quantitative studies of labyrinth morphology in other tetrapods (Smith & Clarke, 2012; Georgi et al. 2013; Yi & Norell, 2015; Azuma et al. 2016) , or of general patterns of labyrinth evolution and their relationships with ecology across tetrapods as a whole. As well as having significance for functional biology, these relationships have importance for the field of palaeobiology, because they can be used to constrain hypotheses of the ecologies of extinct species (Spoor et al. 2002; Witmer et al. 2003; Dom ınguez et al. 2004; Georgi et al. 2013; Yi & Norell, 2015) .
Extant birds display a wide range of flight styles and abilities, and the coordination of flight depends extensively on vestibular stimuli (Walsh et al. 2013) . Birds have large semicircular canals compared with other tetrapods (Jones & Spells, 1963 ) and compared with their flightless relatives (the non-avian dinosaurs; Dom ınguez et al. 2004; Witmer et al. 2008 ). This may be an adaptation to flight. Integrated information from the optic flow field and vestibular system is crucial for maintaining dynamic balance within a three-axis reference system (Wylie & Frost, 1999; Bhagavatula et al. 2011; Goller & Altshuler, 2014 ; for optic flow field), and retinal gaze stabilisation is a prerequisite for this. Gaze stabilisation allows individuals to maintain visual targets in focus at fixed points on the retina during locomotion. Stabilisation is achieved through two reflexes, the vestibulo-ocular reflex and vestibulo-collic reflex, operating on the extraocular and cervical musculature, respectively (Bilo & Bilo, 1978; Wilson & Melville-Jones, 1979; Leigh & Brandt, 1993; Warrick et al. 2002; Spoor, 2003) . These result in compensatory movements of the eyes and neck in the opposite sense to head motions, avoiding blurred vision during locomotion. This may be especially important for taxa that rely upon visual clues to navigate cluttered environments, such as forest canopies. Furthermore, well-developed gaze stabilisation is thought to be essential in birds with unstable (e.g. hovering) flight and for complex, fast aerial manoeuvres involved in nuptial displays and pursuit of flying prey (Walsh et al. 2013; Dakin et al. 2016) .
Despite its obvious importance, the relationship between flying style and vestibular morphology in birds remains poorly constrained. This relationship has relevance to the evolutionary origin of bird flight, which is of significant interest in vertebrate palaeobiology (Gauthier & Padian, 1985; Padian & Chiappe, 1998; Dial, 2003; Xu et al. 2003; Longrich et al. 2012; Foth et al. 2014) . Progress on the origins of avian flight has been stimulated by discoveries of numerous bird-like dinosaur fossils with preserved feathers (Xu et al. 2003 (Xu et al. , 2014 (Xu et al. , 2015 . So far, palaeoecological inferences on the flight abilities of fossil birds have been attempted based on wing morphologies (e.g. wing loading, aspect ratio), furcula morphology and the morphology of the forelimb skeleton (Viscor & Fuster, 1987; Simons, 2010; Close & Rayfield, 2012; Sievwright & MacLeod, 2012; Taylor, 2014) . With further study, the labyrinth might provide additional insights into avian palaeoecology.
The labyrinths of bird-like stem-group taxa such as Archaeopteryx (Jurassic) and Fukuivenator (Cretaceous) provide evidence of the evolutionary origins of avian vestibular morphology by comparison with modern taxa, alongside other fossils (Dom ınguez et al. 2004; Azuma et al. 2016) . Based on this evidence, the series of acquisition of bird-like features of the labyrinth is broadly understood (e.g. overall enlargement of semicircular canal radii, extension of the anterior canal posteriorly and posterior canal ventrally, posterodorsal tilting of the crus communis, enlargement of the ampullae; Witmer et al. 2008) . However, the absence of a quantitative framework for interpreting labyrinth morphology has prevented strict interpretations of the ecological significance of observed labyrinth morphologies. Semicircular canals detect angular (i.e. rotational) accelerations of the head in three spatial planes, and reviews of their function have been provided by Spoor & Zonneveld (1998) , Spoor (2003) , Sipla & Spoor (2008) , Walsh & Milner (2011) and Ekdale (2016) among others. Sensitivity to head movement has been attributed to various aspects of semicircular duct morphology, including arc length (Spoor et al. 2007; Georgi et al. 2013) . Longer semicircular canal arcs should be more sensitive to rotation (Jones & Spells, 1963; ten Kate, 1969; Muller, 1994; Hullar, 2006) , and some comparative evidence of this relationship comes from the observation that agile mammals, including many arboreal taxa, with fast, jerky locomotion requiring a well-developed vestibular function, have proportionally longer canals (relative to body mass) than cautious, sluggish mammals (Spoor et al. 2007; Billet et al. 2012) . This relationship has been used to infer agility in extinct primates (Silcox et al. 2009 ), but is redundant with a multivariate relationship between body mass, visual acuity and eye size. This multivariate relationship suggests that more agile mammals require greater visual acuity, and therefore more effective gaze stabilisation, which is provided by the presence of proportionally longer semicircular canals (Kemp & Kirk, 2014) . A relationship between canal lengths and aerial manoeuvrability has been proposed in birds (Had ziselimovi c & Savkovi c, 1964) . If such a relationship exists, then semicircular canal lengths should be positively correlated with the degree of acrobatic locomotion in which a bird species routinely engages.
The angles between the best-fit planes of the semicircular canals may have even greater functional significance than their lengths for predicting agility. Malinzak et al. (2012) investigated the variance in sensitivity of the canal system to rotations in different planes, which can be approximated by the variance from 90°of the angles between the major planes of the canals (Malinzak et al. 2012; Berlin et al. 2013) , finding that primates with faster head rotations had lower variance in sensitivity among angles. This strong, sizeindependent relationship has important implications for understanding how the labyrinth functions, and also for palaeoecological inference. However, it has not been investigated in birds, presenting a knowledge gap that impedes our understanding of the evolution of somatosensory capacity in vertebrates.
Here, we use X-ray micro-computed tomography (lCT) scanning and 3D geometric morphometrics to investigate the influence of locomotion on avian semicircular canal morphology. Our objective was to identify statistically significant form-function relationships between flight styles and both the size and shape of the semicircular canals in extant birds. These predictive relationships may form a crucial but largely unexplored cornerstone of avian palaeoecology, and promise to allow probabilistic determinations of ecologies of extinct animals known only from fossils.
Information about vestibular morphology in extinct species comes mostly from fossils, in which only the bony anatomy is preserved. In life, endosseous canals housed the membranous portions of the vestibular system, which are not preserved in fossils (Walsh et al. 2014) . Therefore, the endosseous space forms the basic data available to palaeoecological study. Because it is also difficult to study the membranous labyrinth directly in extant animals (Spoor, 2003) , most recent studies of extant species have also focussed on the endosseous semicircular canals. These provide reliable information on key aspects of the mean endolymph flow paths (David et al. 2010) : their arc lengths, and their courses, or streamlines (including the topologies of individual canals, and the angles between them). Other factors, such as the diameters (= calibres) of the membranous canals, are difficult to infer from the endosseous labyrinth as the thickness of the membranous canals can vary both intra-and inter-specifically (David et al. 2016) . Although canal diameters are likely to affect the sensitivity of vestibular afferents (Rabbitt et al. 2004) , they have yet to be investigated across vertebrates or even within a single clade. This is an obvious target for future study. Nevertheless, the endosseous labyrinth provides information on other aspects of the vestibular morphology, and has become accepted as an adequate proxy for soft-tissue morphology until further comparative anatomical work is conducted (Walsh et al. , 2014 Alloing-S eguier et al. 2013; Groh e et al. 2015; David et al. 2016 ).
Materials and methods

Morphometric dataset assembly
This study uses lCT scans of 64 avian crania assembled by S.W. (extended from Walsh et al. 2009 Walsh et al. , 2013 ) from the Natural History Museum, London (NHM) and National Museums Scotland, Edinburgh (NMS). Crania were scanned using Nikon Metrology HMX ST CT scanners (at the University of Abertay, NHM and Nikon Metrology, Tring; see Walsh et al. 2009 Walsh et al. , 2013 for further scan methodology). The species sampled represent 51 families and 24 orders (Table 1) selected to represent a wide range of habitats and ecologies, with flight styles ranging from flightless to highly agile dynamic fliers. This dataset should therefore capture a large proportion of the ecomorphological variation of the bird labyrinth. Our morphometric data and flight style scores are available in the Supporting Information. Our CT data and 3D labyrinth models are provided on Morphosource (http://morphosource.org/Detail/ProjectDe tail/Show/project_id/377), and our landmark data, principal component analysis scores, taxon data (e.g. body mass, flying style categorisation), and phylogenetic trees are available on Dryad (http://datad ryad.org/resource/doi:10.5061/dryad.ft3ps).
We segmented the left endosseous labyrinth from the lCT scan of each bird cranium using the semi-automated Livewire tool of Materialise Mimics 16.0 (Materialise NV, Belgium), applying specimen-specific thresholds to ensure bone was excluded from the labyrinth model. Each of the semicircular canals [anterior (= rostral), posterior (= caudal) and lateral (= horizontal); Fig. 1b ] was isolated from the labyrinth using a 3D mask-editing tool, resulting in four separate 3D voxel models (Fig. 2a) . The use of separate models for each semicircular canal was essential for the study of bird labyrinths, in which the canals intersect each other, making it difficult to extract accurate canal midline skeletons (Fig. 2b , and described below) for landmarking when the entire labyrinth model is used.
The voxel models were imported into Avizo 8.0 (FEI Visualization Sciences Group, Berlin, Germany). The autoskeleton function of Avizo was used to create a smoothed midline skeleton by iteratively thinning each of the semicircular canals until a single line of voxels remained (Fig. 2b) . This procedure was conducted using 1000 iterations, with a 'smooth' coefficient of 0.99, and 'attach to data' parameters set of values between 0.2 and 0.6 based on inspection of the resulting midline skeletons. This central 'streamline' represents the mean endolymph flow path (David et al. 2010) . The autoskeleton algorithm sometimes results in small kinks in the reconstructed canal streamlines [e.g. anterior semicircular canal (ASC) in Fig. 2b,c] . The effect of these was entirely negated by downsampling of each semilandmark series to 12 semilandmarks (see below).
We placed six conventional landmarks on the midline skeletons of the semicircular canals of each specimen ( Fig. 2c: numbered 1-6 ). These were placed where the slender portions of the canals intersect their respective ampulla, where the posterior semicircular canal (PSC) and ASC intersect the crus communis, and where the lateral semicircular canal (LSC) intersects the vestibule. Conventional (or 'traditional') landmarks represent biologically and geometrically homologous points that are reliably and repeatably locatable in every specimen (Gunz & Mitteroecker, 2013) . This criterion is essential for ensuring statistical analyses are biologically interpretable and meaningful. Our landmarking scheme is a simplified version of that used by Gunz et al. (2012) . We reduced the number of landmarks because our study aimed only to address the question of how the total size and the courses of the semicircular canals vary in respect to flying style, wing kinematics and body size. Furthermore, we were not able to consistently calculate accurate midlines for the vestibule, ampullae and common crus, so fixed landmarks could not be placed within these structures.
Conventional landmarks alone are insufficient to capture the shapes of smoothly curving midline skeletons that lack repeatably locatable points along their length (Gunz et al. 2012; Gunz & Mitteroecker, 2013) . Therefore, we also placed semilandmarks along the midline skeleton of each canal, traversing from the ampullary to the non-ampullary end (Fig. 2c) . More landmarks were placed on longer canals, and the number of landmarks per canal ranged from 21 to 150. Landmarks were subsequently resampled to an equal number of 10 equally spaced sliding semilandmarks per canal (plus their fixed start and end points, resulting in 12 landmarks per curve in total) using the digit.curves() function of the R package geomorph version 3.1.1 (Adams & Otarola-Castillo, 2013 ) package of R 3.2.1 (R Core Team, 2015) . This number was selected because larger numbers resulted in sliding errors for some taxa during generalised Procrustes superposition. In addition to their use for geometric morphometrics (described below), we also used eigenvector analysis of these landmarks to calculate the best fit plane of each semicircular canal, and the angles between these planes. These were used to test the hypothesis that the inter-plane angles of the semicircular canals of birds have a relationship to flying style or other factors.
Flight classification and other variables
Studies of the relationship between avian skeletal morphology and flying style have classified flight modes using various methods. Typical approaches have characterised flight modes using mutually exclusive flight categories that are intended to capture the predominant flying style of each taxon (Rayner, 1988; Norberg, 1990; Wang et al. 2011 ). Pennycuick (2008 outlined a scheme consisting of four fundamental flight styles: soaring, continuous flapping, flap-gliding and intermittent bounding. This was later modified in subsequent studies to include more categories (Table 2 ; Bruderer et al. 2010; Close & Rayfield, 2012) .
These schemes are difficult to apply because most birds are capable of multiple different flight modes, and some flight modes are nested within more generalised flight modes. For example, dynamic soaring (soaring using the intersections of air currents) and static soaring (soaring using thermals; or classic 'soaring') are both types of soaring flight that require little energy expenditure to stay airborne. Typically, the flight mode perceived as being most frequently used by each bird is recorded. However, this introduces subjectivity, because the flight modes of individual birds are influenced by ethology, physiological condition and the dependence of flight mode on the environment (e.g. soaring capabilities are reliant on the presence of thermal airflows or strong airflow gradients; flapping may be necessary close to the ground and in closed environments; Viscor & Fuster, 1987) . Furthermore, some flight behaviours might be more important than others, even if they are not the predominant flight style. Risky modes of locomotion are under greater selective pressures, and could therefore impose strong constraints on labyrinth morphology, even when they are used only infrequently (Malinzak et al. 2012) . Therefore, categorisations of the type shown in Table 2 are subjective, and the assignment of a Further data, including specimen numbers, are given in Walsh et al. (2009 Walsh et al. ( , 2013 . 'No.' is the number used to indicate each taxon in figures. single taxon can vary between researchers. For example, Larus argentatus (European Herring Gull) has been assigned both continuous flapping (Bruderer et al. 2010 ) and soaring as main flight modes (Viscor & Fuster, 1987) .
To capture the complexities and plasticity of the flight behaviours of each species, we therefore modified a classification scheme developed by Taylor (2014) . Nine ecological characters were scored as either present (1) or absent (0) for each taxon: pelagic (dynamic) soaring, soaring over land, submerged aquatic feeding, sally hunting, pursuit hunting, use of cluttered airspace, flightless, burstadapted flight, and flap-bounding [flap-bounding was not included by Taylor (2014) ; and two of Taylor's categories were removed because they are not relevant to flight dynamics: use of migration and commuting to feed young]. Full definitions are given in Appendix S1. Following Taylor (2014), we scored any (even slight) indication of the use of a flight mode as presence (1). It is not currently possible to determine the proportion of time or energy that individuals of a species spend on each flight mode, although this may be desirable.
Our scheme allows multiple flight behaviours to be assigned to each species. This approach emphasises the range of behaviours that each species is known to be capable of performing. We obtained relevant ecological information from the multi-volume 'Handbook of the Birds of the World ' (del Hoyo et al. 1992 ' (del Hoyo et al. , 1994 ' (del Hoyo et al. , 1996 ' (del Hoyo et al. , 1997 ' (del Hoyo et al. , 1999 ' (del Hoyo et al. , 2001 ' (del Hoyo et al. , 2002 ' (del Hoyo et al. , 2005 ' (del Hoyo et al. , 2006 ' (del Hoyo et al. , 2008 ' (del Hoyo et al. , 2009 ' (del Hoyo et al. , 2010 , combining information on individual species with information from higher taxa (where species-level information was insufficient) and observations of natural history videos (primarily from http://www.hbw.com/ibc and http://www.arkive.org/). Body mass (or the mean body mass when a range was given) was also recorded from this handbook series. This scheme uses categories closely related to: (i) aerial manoeuvrability, ranging from static soaring to more dynamic pursuit hunting taxa; and (ii) mode of locomotion (aerial, subaqueous and flightless), which is expected to influence labyrinth morphology (e.g. Thewissen & Nummela, 2008 for adaptation of the labyrinth to subaqueous locomotion). It is thus relevant to determining formfunction relationships of the labyrinth. Additionally, it recognises multiple ecological factors that could influence canal morphology: steady flight, hunting on the wing, and interacting with the environment. This contrasts with the categorisation scheme used by Close & Rayfield (2012 ; Table 2 ), which focuses on capturing visual differences that result from differing wing kinematics between flight modes in steady, level flight.
Wing shape and area, along with body mass, are among the variables that determine the physical flight envelope of birds (Pennycuick, 2008) . Although the wing chord is largely determined by the composition of remiges, the relative lengths of the wing bones, such as the humerus and ulna, are a basic component of wing Yes/no are used to indicate which categories were included in each analysis.
shape. The ratio of humerus length to ulnar length, or 'brachial index' (BI; Nudds et al. 2007) , is readily obtained from extant birds and can frequently also be measured in fossil specimens. Taxa that use high-amplitude flapping flight (e.g. swifts, passerines, hummingbirds) tend to have lower BI values (< 0.7; i.e. a relatively shorter humerus) than less manoeuvrable taxa, such as soaring birds, subaqueous fliers (1.1-1.4; i.e. a relatively longer humerus) and flightless taxa (> 1.3; Nudds et al. 2007 ). Because BI values are directly related to flying capability, we used BI as a continuousvalued skeletal proxy for aerial manoeuvrability. Values of BI were obtained from Nudds et al. (2007) and Walsh et al. (2013) . Because these values can be directly measured, rather than subjectively scored, and because aerial agility in birds is difficult to quantify directly, we considered them as being preferable for quantitative analyses to the categorical agility ranks such as that devised for mammals by Spoor et al. (2007) .
Geometric morphometric analysis
Geometric morphometric analyses were performed in R version 3.2.1 (R Core Team, 2015) using the packages GEOMORPH 3.1.1 (Adams & Otarola-Castillo, 2013 ) and MORPHO 2.3.0 (Schlager, 2016) . First, a generalised Procrustes analysis (GPA; Gower, 1975) was performed on our set of six landmarks and 30 semilandmarks. GPA optimally superimposes landmark configurations by removing the effects of position, size and orientation (Gower, 1975; Rohlf & Slice, 1990) . When semilandmarks are used, GPA additionally permits 'sliding' of those semilandmarks along the tangent directions defined by adjacent semilandmarks (and in this case along three separate curves representing the three semicircular canals) to minimise the thin plate spline bending energy between the reference and target configurations. This is done because the initially arbitrary equal spacing of semilandmarks may not be the optimal configuration (Bookstein, 1997; Gunz et al. 2005; Webster & Sheets, 2010; Gunz & Mitteroecker, 2013) . Variation remaining among the landmark constellations of specimens following GPA is independent of the initial positions, sizes and orientations of landmark constellations, and therefore represents only the shape differences between taxa (Kendall, 1977) . Points are then projected into a linear Euclidean tangent space that intersects the Procrustes shape space at the mean shape. This allows application of linear algebraic tools such as principal components analysis (PCA), which we subsequently used to quantify the major axes of shape variation among specimens.
The centroid size of each labyrinth's original landmark/semilandmark configuration is the square root of the sum of squared distances between each landmark and the configuration's centroid (Webster & Sheets, 2010) . The value is output from GPA and was used as a measure of the total size of the combined system of semicircular canals. Unlike the canal radius of curvature, a commonly used size metric that only utilises distances between extreme landmarks (Spoor et al. 2007) , centroid size has the favourable attribute of weighting each landmark equally to obtain a measure of average radius. Note, however, that centroid size only approximates the radius of curvature, and does so most effectively when interspecific differences in the angles between the planes of the semicircular canals are minimal (because canals with the same radii of curvature will have different centroid sizes as the angles change).
Statistical hypothesis tests
We used two approaches for testing the relationships of labyrinth shape, size, and the angles between the planes of the semicircular canals (henceforth: inter-canal angles) with other variables: phylogenetic generalised least-squares regression (pGLS; Grafen, 1989) and two-block partial least-squares (2B-PLS; Rohlf & Corti, 2000) . All analyses were conducted using the R packages NLME 3.1-120 (Pinheiro et al. 2015) , APE 3.4 (Paradis et al. 2004 ) and GEOMORPH 3.1.1 (Adams & Otarola-Castillo, 2013 ).
Regression analyses were used to test the following relationships and hypotheses using species-specific data.
1. The relationships between the scores for individual principal component axes, representing major aspects of labyrinth shape variation, and log 10 -transformed body mass. This tests the hypothesis that one or more of the major axes of labyrinth shape change among birds represents allometry. 2. The relationships between the principal component scores and log-transformed BI. This tests whether specific modes of labyrinth shape variation correspond to differences in aerial manoeuvrability among bird species. 3. The relationships of both log 10 -transformed labyrinth centroid size and inter-canal angles with log 10 -transformed body mass, log 10 -transformed BI, or both (in multiple regressions). This tests the hypotheses that labyrinth size and orthogonality scale with body mass and/or aerial manoeuvrability in birds (Had ziselimovi c & Savkovi c, 1964; Malinzak et al. 2012 ).
Phylogenetic generalised least-squares regression (Grafen, 1989 ) uses the covariances expected among taxa given a phylogenetic tree to modify the assumptions of least-squares regression. When Brownian motion (Felsenstein, 1985) is assumed, pGLS is mathematically analogous to ordinary least-squares regression of phylogenetic independent contrasts (Garland & Ives, 2001) . This represents a model in which strong phylogenetic signal is present in a relationship of interest due to evolution along lineages. This causes the intercept of the relationship between variables to evolve at a constant, non-directional rate on the phylogeny. Pagel's k (Pagel, 1999) is a parameter that scales the strength of phylogenetic signal between the inferred phylogeny with its branch lengths (k = 1), and a star phylogeny in which all taxa effectively represent independent observations (k = 0; for ultrametric trees).
Although strong phylogenetic signal is often assumed by comparative studies of trait data, form-function relationships can be strongly constrained by the physical laws of the universe, and when this occurs phylogenetic signal is expected to be zero (k = 0; Motani & Schmitz, 2011) . Therefore, we used pGLS with a freely varying k parameter, optimised using maximum likelihood to quantify the role of phylogeny in the relationships between explanatory and dependent variables. This model was also used by Berlin et al. (2013) to test the relationships of vestibular sensitivity with deviation from orthogonality, deviation from left-right angle symmetry, and deviation from left-right coplanarity. For the purpose of this model fit, we sampled 100 phylogenies from the tree distribution of Jetz et al. (2012) (birdtree.org) and conducted all analyses across the full set of phylogenies. The analyses presented in this paper result from the Ericson et al. (2006) backbone. However, analyses using the Hackett et al. (2008) backbone yielded essentially identical results. This provides a test of whether results are sensitive to uncertainty in the specific phylogenetic topology. We also used Akaike's information criterion for small sample sizes (AICc; Sugiura, 1978; Burnham & Anderson, 2002) to choose among combinations of explanatory variable(s) for each dependent variable. Conceptually, the use of AICc allows the 'assumptions' of specific statistical/ evolutionary models to be tested by explicitly comparing these models with each other. This allows estimation, rather than assumption, of the nature of the co-evolutionary relationships between variables.
We used 2B-PLS (Rohlf & Corti, 2000) to quantitatively assess the relationship between our multivariate set of flight characters (see flight classification, described above) and multivariate labyrinth shape represented by our principal component axes. We analysed the principal component axes, rather than the Procrustes-aligned coordinates (Zelditch et al. 2012 ) because we found it useful to test the effects of excluding the first principal component axis (PC1), which represents allometric variation (see Results). 2B-PLS can be used to determine the structure of covariance between two multivariate datasets, and has the desirable property of considering the effects of all flight characters simultaneously. This is crucial in our dataset where flight characters are non-exclusive and frequently co-occur. 2B-PLS requires continuous-valued multivariate inputs. Therefore, we transformed our categorical (presence/absence) flying style data to a set of seven continuous valued composite variables using principal coordinates analysis of the pairwise Gower distances among species prior to 2B-PLS analyses.
In contrast to least-squares regression, 2B-PLS treats the two sets of variables symmetrically -so no causal relationship is assumed. Pairs of latent variables, or composite axes, are constructed from linear combinations of the original variables (analogous to principal component axes). Each pair of latent variables corresponds to a 'dimension' that maximises the covariance between the two multivariate datasets (Rohlf & Corti, 2000) . Covariance and correlation coefficients of latent variables were subsequently calculated, and their statistical significance was evaluated using permutation tests in geomorph. Any statistically significant dimensions were interpreted by contrasting the relevant loading coefficients (F 1 and F 2 ). Because we analysed comparative data, which may contain phylogenetic signal, we applied phylogenetic 2B-PLS (Adams & Felice, 2014) . Ordinary (non-phylogenetic) 2B-PLS was also applied for comparison. Unlike the situation with regression analyses, a model comparison framework is not yet available for 2B-PLS, so we were not able to determine whether ordinary or phylogenetic 2B-PLS was most appropriate given the data. Nevertheless, these analyses can be seen as asking two separate questions. (i) Ordinary 2B-PLS: do the labyrinth morphologies observed among a sample of extant birds correlate to the flight styles of those birds (a correlation that may be caused by independent evolution of these traits on the branches of the same phylogeny)? (ii) Phylogenetic 2B-PLS: do evolutionary changes in bird labyrinth shape correlate with evolutionary changes in flight style reconstructed on the branches of a phylogeny, consistent with the occurrence of linked evolution due to a form-function relationship?
Results
Labyrinth centroid size
Across all the flying and flightless birds in our sample, labyrinth size is best explained by body mass and BI together ( Fig. 3a ; Table 3 , upper portion; this was true across all 100 phylogenies), according to AICc. The best model of the relationships among these variables is one in which phylogenetic signal (k) is allowed to vary during model fitting. The Pagel's lambda (k) value of 0.74 (range from 0.66 to 0.80) estimated across all phylogenies indicates an intermediate amount of phylogenetic signal in the relationship between labyrinth size, body mass and BI (Table 3) . A low, positive coefficient of body mass (0.20 for all phylogenies; Table 3) indicates negative allometry of labyrinth size with body mass. Despite the low value of this coefficient, variation in body mass explains a large portion of the size variance measured in bird labyrinths (R 2 = 0.78 in bivariate ordinary leastsquares regression; Table 3 ). BI is not correlated with labyrinth size in bivariate regressions ( Fig. 3b ; Table 3 ), but has a significant negative correlation when variation in body mass is taken into account using multiple regression (Table 3 ; P = 0.001 or less for all phylogenies; Fig. 3c ). Birds with higher values of BI therefore have proportionally larger labyrinths relative to their body masses. Nevertheless, the explanatory power of labyrinth centroid size to predict BI is relatively low once the effects of body mass are excluded: multiple regression models of BI on body mass and centroid size have values of R 2 between 0.038 and 0.169 (across 100 phylogenetic topologies; median R 2 = 0.125; Table 4 ).
Flightless birds have proportionally small labyrinths and extremely high values of BI (Fig. 3) . They may therefore drive the relationship of BI with labyrinth size. When data only for flightless birds are analysed, statistically significant coefficients similar to those found in the previous analysis are found for body mass and BI (Table 3 , lower portion). Nevertheless, the AICc weight of a model explaining labyrinth centroid size using body mass and BI is lower than that of a model explaining labyrinth centroid size using only body mass (although both have non-negligible AICc weights, rendering model choice equivocal; Table 3 ). Overall, therefore, we find that BI, our proxy for wing kinematics, explains only a small portion of the variance in labyrinth size.
Labyrinth inter-canal angles
The angles between the best-fit planes of pairs of semicircular canals in birds are typically > 90° (Fig. 4: 1.57 radians, indicated by dashed grey line). The median angles are 94.0°( 1.64 radians) between the anterior and lateral canals, 98.0°(= 1.71 radians) between the anterior and posterior canals, and 93.0°(= 1.62 radians) between the lateral and posterior canals. These are substantially greater than the mean angles reported in mammals by Berlin et al. (2013: 84.5°, 91.9°and 90.3°, respectively), but have similar standard deviations. The variation in the angle between the LSC and PSC of birds (Fig. 4b : standard deviation = 4.4°) is less than the variation in the angle between the other two combinations of pairs of canal [standard deviation = 7.3°(anterior and lateral canals) and 8.1°(anterior and posterior canals)]. No clusters are evident by visual appraisal of the distribution of flight modes with respect to inter-canal angles (Fig. 4) , and statistical evidence of clustering is tested further by our 2B-PLS (below), because principal component axes (especially PC1 and PC2, described below) capture major variations in inter-canal angles well.
Neither the absolute values of inter-canal angles nor their positivised deviations from 90°show any statistically significant relationship with either BI or body mass for the angles between the anterior and posterior canals or posterior and lateral canals ( Fig. 4 ; Tables S1-S3). The angle between the ASC and LSC has a significant positive relationship with Fig. 3 Plots of (a) labyrinth centroid size on body mass, with point sizes scaled to brachial index (BI; strong, multivariate relationship; Table 3 ), (b) labyrinth centroid size on BI (no relationship; Table 3 ) and (c) residuals of the relationship between labyrinth centroid size and body mass (Table 3 , upper panel, model 2, variables log 10 -transformed) on BI. Points are coloured according to mutually exclusive subset categories in our multivariate flight categorisation for visualisation purposes only, and are white when none of these categories is present in a species. The decision as to which flight categories should be represented here was informed by the inferred significance of pursuit hunting for labyrinth morphology (see Results). Labyrinth models are shown in lateral view for selected taxa to illustrate the extremes of the relationship of labyrinth size with body mass.
body mass ( Fig. 4a ; Table S1 ), and the positivised deviation of this angle from 90°has a statistically significant positive relationship with BI (Table S1 ; range of P-values across all phylogenies from 0.007 to 0.032). The relationship of the absolute angle between the ASC and LSC with body mass explains an R 2 of 0.073-0.265 among phylogenies (median R 2 = 0.148; Table S1 ). The relationship of the absolute deviation from 90°with BI explains a much smaller amount of variance, from 0.038 to 0.113 among phylogenies (median R 2 = 0.052; Table S2 ).
Labyrinth shape -PCA
The first three principal components collectively summarise more than 65% of the variance in labyrinth shape in our dataset (Table 5 ). The first principal component axis (PC1) contains a strong allometric signal (see below; Table 6 ), and each subsequent principal component axis up to the eighth (PC2-PC8) explains at least 5% of the non-allometric shape variance (after excluding PC1; Table 5 ). Detailed descriptions of the shape changes on PC1-PC3 are given here and All models were fitted allowing variation in phylogenetic signal (k; Pagel, 1999) to be estimated as part of the model fitting process. Models are rank-ordered by AICc weight so the best model (**) is at the top. All variables are log 10 -transformed. N = 62 for analyses of all birds, and N = 57 for analyses excluding flightless birds. Results for just one phylogeny are shown, but results for the other 99 are similar and are summarised in the text. R 2 is the generalised coefficient of determination described by Nagelkerke (1991) , and negative values indicate that a model is worse than an intercept-only null model. Results for just one phylogenetic topology are presented here. But analyses on alternative topologies recovered essentially identical results, and other models with non-negligible AICc weights (up to one-tenth of the weight of the best model) are indicated with *. increase in the height of the common crus, so that the posterior end of the ASC then enters the common crus at a more anterodorsally inclined angle. Unlike the other two canals, the PSC shows little change along PC2. However, the angle between the planes of the anterior and posterior canals is high at negative values of PC2 (angle = 105°, or 1.85 radians for the minimum value of PC2), and can be orthogonal at positive values (angle = 87.7°or 1.53 radians for the maximum value of PC2). Variation in the inter-canal angles for other pairs of semicircular canals is negligible along PC2.
The third principal component axis describes an increase in the relative height of the ASC at positive values, and a decrease in the height of the ASC at negative values. These changes correspond to changes in the relative length of the ASC, with a proportionally larger ASC, and smaller LSC and PSC (see below), occurring at positive values of PC3. Positive values of PC3 also correspond to lateral deflection of the anterior portion of the ASC. PC3 also describes changes in the relative size of the LSC, with a smaller, dorsolaterally tilted LSC occurring at positive values, and a larger, ventrolaterally tilted LSC occurring at negative values. This results in variation of the angle between the planes of the ASC and LSC between the minimum value of PC3 (angle = 96.5°o r 1.69 radians) and maximum value of PC3 (angle = 88.7°o r 1.55 radians). The angle between the planes of the anterior and posterior canals also varies negatively with PC3 score (between 100.4°or 1.75 radians, and 95.7°or 1.67 radians). Positive values of PC3 describe a mediolaterally narrower PSC (i.e. does not extend as far medially).
The ordination of species into a morphospace defined by PC1-PC3 does not show any striking patterns of labyrinth morphology with respect to coarse flight categories ( Fig. 7 ; flightless, burst-adapted, pursuit hunting). This does not exclude the possibility of a relationship with other flying styles. Neither does it preclude the possibility of a complex relationship in which phylogeny determines the basic structure of the labyrinth that is then modified consistently by The proportion of variance excluding PC1 describes the proportion of non-allometric shape variance explained by each of the other PC axes shown in this table (PC2-PC12). The selection of PC axes to display here is guided by our finding that relatively minor shape axes (PC11) may describe ecologically significant variation in form (and also see Cooney et al. 2017 for beak morphology). Models are rank-ordered by AICc weight so the best model (**) is at the top. Models with similar AICc weights to the best model are indicated with **; and other models with non-negligible AICc weights (up to one-tenth of the weight of the best model) are indicated with *. All variables are log 10 -transformed. N = 62 for all analyses in this table. Results for just one phylogeny are shown, but results for the other 99 are similar and are summarised in the text. R 2 is the generalised coefficient of determination described by Nagelkerke (1991) , and negative values indicate that a model is worse than an intercept-only null model. evolutionary changes in flying style, or of a situation in which other PC axes explain less shape variance than PC1-PC3 but correspond more closely to flight ability. These possibilities are tested by our 2B-PLS analyses, described below. The results of bivariate and multiple linear regressions of the scores along individual principal components against body mass and BI are summarised in Tables 6-8 (PC1-PC3)  and in the Supporting Information (PC4-PC8; Tables S4-S8 ).
The scores of PC1 correlate significantly with body mass ( Fig. 8a; Table 6 ). Therefore, PC1 describes allometric shape variation. This correlation is negative, and has an R2 value of 0.31 (Table 6 ). The presence of a strong phylogenetic signal (k) in the best regression models indicates that closely related taxa generally have similar labyrinths, but that phylogenetically determined morphologies are then modified by allometric effects, with larger-bodied taxa having more (Table 5) . Points are coloured according to three mutually exclusive categories in our multivariate flight categorisation, and greyed when none of these categories is present in a species. Numbers indicate taxa, as denoted in Table 1 . Labyrinth models of selected taxa are shown in lateral view to illustrate extreme values of PC1 and PC2.
negative values of PC1 (shape changes described above and shown in Fig. 5 ). Other principal component axes are not related to body mass (Tables 6-8; Tables S4-S8 in the Supporting Information). Although PC4 and PC8 show significant (PC8: P = 0.010; Table S8 ) or marginally non-significant (PC4: P = 0.058; Table S4 ) correlations, relationships with body mass for these variables are worse than an interceptonly null model, and therefore have negative R 2 values (Tables S4 and S8 ). All principal component axes show either a weak or no relationship with BI. PC5 is the only principal component to correlate with BI at 95% significance (coefficient = À0.118; R 2 = 0.005; P = 0.0424; Table S5 ). This suggests that more positive PC5 scores correspond to taxa with smaller BIs and thus greater aerial manoeuvrability. However, the negligible generalised R 2 value of this model (= 0.01 ; Table S5) indicates that it is little better than an intercept-only null model and has negligible explanatory power.
Labyrinth shape -relationship with multivariate flight style
Both ordinary (non-phylogenetic) and phylogenetic 2B-PLS analyses indicate a significant multivariate association between labyrinth shape and the principal coordinates ordination of our flight categories. The association found by ordinary 2B-PLS has an R 2 of 0.70, and the association found by phylogenetic 2B-PLS has a median R 2 of 0.59 across all trees (Fig. S1 ). Dimension 1 of our ordinary 2B-PLS analysis explains 86.5% of the total variance explained by the association, indicating that other dimensions explain only a small amount of variance. The loadings of dimension 1 indicate a relationship between our principal component axis 1 (PC1: allometry of labyrinth shape) and the first axis of our principal coordinates analysis (PCo1; Table 9 ). PCo1 separates taxa that engage in sally hunting, Table 7 Results of pGLS regression of labyrinth PC2 axis on body mass and BI, allowing variation in phylogenetic signal (k; Pagel, 1999) to be estimated as part of the model fitting process. intermittent bounding and use of cluttered airspace from flightless taxa, and taxa that engage in pelagic soaring and submerged aquatic feeding (Fig. 9) . It is likely that the correspondence between PCo1 and PC1 highlighted by ordinary 2B-PLS results from size-dependency of both axes. Fig. 8 Regressions of principal component axes 1-3 (PC1-PC3) on body mass (a, c, e) with point sizes scaled to brachial index (BI), and on BI (b, d, f). PC1 shows a strongly significant relationship with body mass (a) ( Table 6 ), but the other axes shown here show no relationship with either body mass or BI (Tables 6-8 ). Points are coloured according to three mutually exclusive categories in our multivariate flight categorisation, and greyed when none of these categories is present in a species.
Model
Dimension 1 of our phylogenetic 2B-PLS analysis explains a median of 50.3% of the total variance explained by the association across all trees, dimension 2 explains 35%, dimension 3 explains 7.3%, and subsequent dimensions explain even less. We therefore restrict our discussion to dimensions 1 and 2. Interpretation of these dimensions is complicated because of variation among analyses on different trees as to which principal components and principal coordinates axes contribute to the association on each dimension. Nevertheless, inspection of the median absolute loadings along these dimensions indicates that PC1, PC6, PC7 and PC11 contribute substantially to the multivariate association (Table 10) .
To visualise the effects of the non-allometric shape changes involved in this non-allometric shape association (i.e. PC6, PC7, PC11), we conducted a second set of phylogenetic 2B-PLS analyses, excluding PC1. Dimension 1 of this analysis explains between 49.3% and 97.9% of the total variance explained by the analysis (median of total variance = 67.5%; ranging from 57.6% to 85.6% among phylogenies; Fig. S2 ). Results for subsequent dimensions account for much less variance (median = 14.2% for dimension 2), Input variables with high loadings on dimension 1, which contributes 87% of the variance explained by the association, are indicated in bold type and by *. PC1-PC65 were analysed, but only PC1-PC11 are shown here as subsequent PC axes (PC12-PC65) have negligible loadings on all dimensions. and their vectors are less consistent among phylogenies. These are not discussed further here. Across all phylogenies, the most important shape variables for dimension 1 of our non-allometric phylogenetic 2B-PLS analysis are PC11, which takes large positive values, and PC6 and PC7, which take large negative values. Collectively, these axes explain 10.0% of shape variation or 17.1% of non-allometric shape variation (Table 5 ). The second axis of our principal coordinates analysis (PCo2) is consistently the most important flight variable, taking large positive values that far exceed the magnitudes of any other PCo axes. An example for tree 1 is given in Table 11 , but this result is consistent across all phylogenies that recover a significant phylogenetic 2B-PLS result. PCo2 separates birds that are capable of pursuit hunting and soaring over land (positive values) from flightless and burst-adapted flyers (negative values; Fig. 10a) . Visualisation of the shape changes along dimension 1 indicates that birds capable of pursuit hunting This table presents the median absolute loading for each input variable across the full set of phylogenetic 2B-PLS analyses for exploratory purposes, demonstrating that PC1, PC6, PC7 and PC11 are important parts of the apparent association between flying style and labyrinth shape. Loadings for those input data axes with consistently non-negligible loadings on the important 2B-PLS dimensions are emboldened and asterisked. Other phylogenies yield similar results that are summarised in Fig. 9 . Input variables with high loadings on dimension 1, which contributes 87% of the variance explained by the association, are indicated in bold type and by *. This association is visualised in Fig. 10 . PC1-PC65 were analysed, but only PC1-PC11 are shown here, as subsequent PC axes (PC12-PC65) have negligible loadings on all dimensions. and soaring over land have a more sinuous LSC (Fig. 10b,c) . However, examination of the plot of scores along the xand y-axes of dimension 1 of the phylogenetic 2B-PLS indicate that the relationship documented by this axis results from extreme values in two pairs of sister taxa: Larus argentatus and Creagrus furcatus, and Phalacrocorax harrisi and Phalacrocorax carbo (Figs 10d and 11a) . When the influential taxa labelled in Fig. 10d are excluded from the analysis, phylogenetic 2B-PLS analysis of labyrinth morphology (PC1-65) against flight style (PCo1-PCo7) does not return a significant multivariate association between labyrinth shape and flight capability (Fig. S3D-F) . This indicates that the apparent multivariate association shown in Fig. 10 results only from the comparative morphologies of two sister-taxon pairs, and does not characterise 'background' patterns of avian labyrinth morphology and flying style, at least so far as they are captured by our dataset.
Discussion Comparative results
We find evidence for two sets of relationships between phenotypic traits (including flight behaviour) and the morphology of the endosseous labyrinth in birds.
1. The size of the vestibular system (centroid size) is best explained by body mass in flying birds. BI, a proxy for wing kinematics, explains an additional, small portion of the variance in labyrinth size, especially when flightless birds are included (Table 3; flightless birds have high BIs). These relationships contain a moderate-to-strong amount of phylogenetic signal (k values from 0.66 to 0.80 for the best model across all 100 trees), and indicate that larger birds and flying birds have longer semicircular canals than their evolutionary relatives. We find an allometric coefficient of 0.2 for labyrinth centroid size (Table 3 ). This indicates that larger birds have proportionally (though not absolutely) smaller labyrinths, and is consistent with a predicted slope of 1 / 12 À 1 / 3 based on dynamic or geometric similarity of skull size in relation to body mass (Jones & Spells, 1963) . Our result is consistent with previous evidence for negative allometry of labyrinth size with body mass in mammals (Spoor et al. 2007; Lebrun et al. 2010; Alloing-S eguier et al. 2013) , and with the presence of proportionally larger labyrinths in more agile primates and other mammals (Spoor et al. 2007 ). 2. The first principal component axis (PC1) correlates strongly, and negatively, to body mass (Table 6 ). It therefore captures allometric changes in the shapes of the semicircular canals. Larger birds have negative values of PC1, corresponding to more anteriorly located anterior vertical canals, more ventrally located posterior vertical canals, proportionally smaller lateral canals, and a larger angle between the planes of the anterior and lateral canals (Figs 4a and 5). This relationship is characterised by strong Fig. 11 Relationship between labyrinth centroid size and body mass (taken from Fig. 3a) , with owls and outlier taxon pairs from two-block partial least-squares regression (2B-PLS) indicated. Tyto alba, the barn owl, has a proportionally reduced labyrinth and enlarged cochlea compared with Athene cunicularia, the burrowing owl. 3D virtual models of the labyrinths of A. cunicularia (b, c) and Tyto alba (d, e) are shown in lateral (b), (d) and anterior (c), (e) views to illustrate this.
phylogenetic signal (k~1.0; Table 6 ), indicating that the shape changes occur with respect to close evolutionary relatives (i.e. they are modifications of a phylogenetically determined 'baseline' morphology). Allometric shape change in strepsirhine primates and diprotodontan marsupials is similar to that of birds in that the lateral canal is proportionally smaller in larger-bodied taxa. However, it differs in that the posterior canal is located further dorsally in larger strepsirrhines and diprotodontans, but further ventrally in larger birds ( Fig. 4 ; Lebrun et al. 2010; Alloing-S eguier et al. 2013 ).
We also find equivocal evidence for links between flying style and labyrinth shape. Firstly, we find that allometric changes in labyrinth morphology (PC1; Fig. 5 ) correlate with the first principal coordinates axis (PCo1; Fig. 9 ), which differentiates birds using flight modes such as sally hunting, intermittent bounding and use of cluttered airspace from those that use pelagic soaring and submerged aquatic feeding. However, this correlation is found only by ordinary 2B-PLS analysis (Fig. S1) , and not when using phylogenetic 2B-PLS (Fig. S3) . Furthermore, such a correspondence could be explained by the size-dependency of both PC1 and PCo1, rather than a direct causative relationship between these flight modes and labyrinth shape. Secondly, using phylogenetic 2B-PLS, we found a relationship between a set of principal component axes that jointly describe changes in the sinuosity of the lateral canal (Fig. 10b) with a principal coordinates axis (PCo2) that differentiates birds that use flight modes such as pursuit hunting and soaring over land from those that are flightless or use burst adapted flight. This correlation was determined by the occurrence of two pairs of taxa with extreme values of the 2B-PLS dimensions (Fig. 10d) , and apparently does not characterise background patterns of evolution (Fig. S3) . Nevertheless, these taxon pairs represent relatively shallow evolutionary divergences that gave rise to large variation in locomotory style or habitual visual field: Creagrus furcatus, the swallowtailed gull, is the only nocturnal seabird (compared with a diurnal gull, Larus argentatus); and Phalacrocorax harrisi is flightless, compared with a flying great cormorant (Phalacrocorax carbo). Our taxon sample was not designed to test the possibility that substantial evolutionary changes in visual field and flight mode influence the sinuosity of the lateral canals (Fig. 10b) , but this warrants further investigation.
Ubiquitous phylogenetic signal in form-function relationships for the labyrinth
The relationships highlighted above contain at least moderate phylogenetic signal, as does the negative correlation of canal orthogonality with vestibular sensitivity documented in mammals by Berlin et al. (2013) (k = 0.682) . This indicates that the morphology of the vestibular system varies across the phylogeny, but is modified in consistent ways by changes in body mass. Therefore, birds with similar phenotypic traits may not have similar semicircular canals unless they are also close evolutionary relatives. 'Phylogenetic signal' in the relationship between traits indicates that the residual, unexplained, variance in the relationship evolves in a Brownian-like fashion on the tree. This may occur when other, unconsidered, traits influence the dependent variable (e.g. labyrinth size), and are themselves phylogeneticcorrelated. For example, in the context of an integrated vestibulo-ocular system competing for space with other organs in the braincase, those traits might relate to the visual field (Kemp & Kirk, 2014) , or to the relative sizes of the brain, cochlea or external ears (Martin, 2009; Davies et al. 2013) .
Phylogenetic signal has also been demonstrated for the labyrinth morphologies of strepsirrhine primates (Lebrun et al. 2010) , diprotodontan marsupials (Alloing-S eguier et al. 2013) and musteloid carnivorans (Groh e et al. 2015) . Qualitative inferences of form-function relationships were also made for these groups. However, our analysis and those of Malinzak et al. (2012) and Berlin et al. (2013) are the only studies to quantitatively analyse both phylogenetic and functional (or ecological) signals in the morphology of the labyrinth together in a single analytical framework (i.e. pGLS allowing k to vary). This approach has important advantages compared with analysing separately for phylogenetic signal and trait correlations, because both ecology (function) and morphology (form) both evolve along the branches of the same phylogeny. This can cause the spurious inference of correlation when non-phylogenetic methods are used to test form-function relationships (Felsenstein, 1985) .
Phylogenetic independent contrasts (used to analyse labyrinth morphology by Georgi et al. 2013) provide only a partial solution to this problem because they assume, but do not demonstrate, strong phylogenetic signal (i.e. k = 1.0) in the relationship between traits. This is problematic because the strength of phylogenetic signal in the relationship between traits cannot be estimated a priori by analysis of individual traits. Therefore, it is not possible to determine in advance when phylogenetic independent contrasts should be used. Notably, even traits involved in strict formfunction relationships [these relationships lack phylogenetic signal (k = 0); Motani & Schmitz, 2011] can be individually characterised by strong phylogenetic signal (also discussed by Lebrun et al. 2010) . In this situation, the traits underwent evolutionary change on the tree, but the relationship between them did not. The solution to this problem is to jointly analyse phylogenetic signal and form-function correlation together, as done here and by Malinzak et al. (2012) , Motani & Schmitz (2011) , and Berlin et al. (2013) .
As an illustration of the pitfalls of interpreting phylogenetic comparative results, note that Groh e et al. (2015) reported evidence for differentiation of labyrinth morphologies among musteloid carnivorans with different ecologies (e.g. aquatic, terrestrial, fossorial) when using non-phylogenetic statistical tests. However, they found no correlation when using phylogenetic comparative methods (phylogenetic ANOVA). Their interpretation was that both phylogeny and function influenced the morphology of the musteloid labyrinth (Groh e et al. 2015) . However, this would only be correct if there was evidence for both nonzero values of k, and also of a statistically significant correlation between the traits. The correct interpretation of the results of Groh e et al. (2015) is that changes in ecology along phylogenetic lineages are not correlated to changes in labyrinth morphology along the same lineages. This suggests that they found no statistical evidence for form-function relationships in musteloid labyrinth morphology.
We find a similar result regarding the association of allometric change in labyrinth morphology (PC1; Fig. 6 ) with the set of flight variables described by PCo1 (Fig. 9) . A significant association between PC1 and PCo1 is found when using ordinary 2B-PLS, but not when using phylogenetic 2B-PLS (Fig. S3 ). This suggests that PC1 and PCo1 are associated among the taxa that we studied, but that this association does not result from co-evolution of PC1 and PCo1 along phylogenetic lineages. Instead, it can be explained by nonindependence of observations made on closely related pairs of taxa (phylogenetic autocorrelation; Felsenstein, 1985) .
The lack of statistical support for an association between PC1 and PCo1 here, and between musteloid labyrinth morphology and ecology in Groh e et al. (2015) , may be due to low statistical power rather than the absence of a relationship. Loss of statistical power can occur when using phylogeny-based statistical methods. The effective sample size of these methods is determined by the number of independent evolutionary origins of the dependent trait variable, which is smaller than the total number of species analysed. In the current example, passerines, a speciose clade, have both small body size (influencing their PC1 scores because PC1 represents allometric shape change) and intermittent bounding flight (represented by PCo1; Fig. 9 ). However, both traits were inherited from a single common ancestor, and do not provide strong evidence of a form-function relationship. To address this, future studies will need to include a larger sample of taxa, specifically targeting larger numbers of independent evolutionary transitions between the focal ecologies (e.g. flight/flightlessness, subaqueous diving, nocturnality, pursuit hunting, soaring).
Endosseous labyrinth as a palaeoecological proxy
Based on our findings, ecological information for fossil birds might most readily be inferred from the centroid size of the vestibular portion of the endosseous labyrinth relative to estimated body mass. This relationship provides information on flight ability, because flightless birds have proportionally smaller systems of semicircular canals than their flying relatives (Figs 3 and 11a) . This may allow the use of vestibular morphology to make inferences about the origins of powered flight on the avian stem lineage using fossils. For example, the early avialan Archaeopteryx has a vestibular organ with similar proportional features to those seen in modern birds (Dom ınguez et al. 2004 ). These features (posterior canal extends ventral to lateral canal; anterior canal elongated and reflexed; Dom ınguez et al. 2004) plausibly relate to the accommodation of longer canals within a fixed physical volume, and suggest that Archaeopteryx has proportionally longer semicircular canals than those seen in other non-avian dinosaurs where those features are absent (Witmer et al. 2008; Azuma et al. 2016) . Nevertheless, some flying birds have similar vestibular sizes (relative to body mass) to those of flightless birds ( Fig. 3 ; the tufted duck Aythya fuligula, and flamingo Phoenicopterus ruber). Further investigation of independent evolutionary transitions to flightlessness is required to determine how the lengths and shapes of the semicircular canals change along single lineages making the evolutionary transition to flightlessness, and whether there is a distinction between recent evolutionary origins of flightlessness (e.g. the Falkland steamer duck Tachyeres brachypterus and the flightless cormorant Phalacrocorax harrisi) and ancient ones (e.g. flightless ratites). Until then, the vestibular system nevertheless indicates the occurrence of powered flight, when the vestibular sizes of extinct taxa fall well within the range of modern flying birds.
Functional interpretations of comparative results
The effect of labyrinth size (or canal lengths) on the functional properties of the vestibular system is well understood. These effects are consistent with our findings from regression analysis that manoeuvrability (BI) explains a portion of the variance in labyrinth size independently of body mass, and our observation that most flying birds have proportionally longer semicircular canals than flightless taxa (Fig. 3) . Longer canals have a larger radius of curvature than shorter canals, and therefore inertially displace more endolymphatic fluid per unit rotation [differences in crosssectional diameter may also affect these basic mechanical properties (Hullar, 2006) , but this has not yet been studied in detail]. This results in a greater deflection of the cupula and so greater mechanoelectrical transduction during head rotation, yielding greater biomechanical and afferent nervous vestibular sensitivity (Yang & Hullar, 2007) . High sensitivity to small displacements may be important in flight, allowing for subtle early reflex corrections to head rotations that maintain balance and gaze stability. This has also been hypothesised for agile arboreal locomotion in primates, which correlates to increased radius of curvature in comparative studies (Spoor et al. 2007) .
Recently, Kemp & Kirk (2014) showed that eye size and visual acuity have stronger relationships with labyrinth size than does agility in mammals. In fact, they showed that the best explanatory model for labyrinth size (radius of curvature) in mammals included body mass, eye size and visual acuity, but not agility. This suggests that agile mammals generally have greater larger eyes and visual acuity, and that this requires more responsive gaze stabilisation. In other words, the relationship between canal lengths and agility is indirect: the larger labyrinth of more agile mammals is required specifically in order to service their higher visual acuities by enhancing gaze stabilisation.
Birds have the proportionally largest eyes among tetrapods (Brooke et al. 1999; Howland et al. 2004) . We suggest that the function of the labyrinth in maintaining visual fixation, and therefore enabling high visual acuity, may therefore explain why birds also have proportionally large labyrinths (Jones & Spells, 1963) . We hypothesise the existence of a lower limit to labyrinth size, below which visual acuity is compromised by inadequate optokinetic response processing. If this is true, then the size of the labyrinth may correlate to eye size and visual acuity in all vertebrate species that depend substantially on vision. Because of their large eyes, birds have been cited as support for the hypothesis that there is a positive relationship between locomotory speed and eye size ('Leuckart's Law'; Brooke et al. 1999 ). However, Hall & Heesy (2010) found that the fastest flying birds (Anseriformes) actually have relatively small eyes, particularly compared with predatory birds such as Falconiformes. We show here that Anseriformes also have proportionally smaller labyrinths [Aythya fuligula and Tachyeres brachypterus (flightless)] than Falconiformes (e.g. Falco tinnunculus) and other raptorial birds (e.g. Aquila chrysaetos; Fig. 3a) . Although we do not have data on eye size for the birds included in our study, these observations are consistent with the hypothesis of a relationship between eye size/visual acuity and labyrinth size in birds that is similar to that of mammals (Kemp & Kirk, 2014) . Tytoine owls provide a further test of this relationship because they have large eyes (Brooke et al. 1999 ) but low visual acuity, as their optical anatomy maximises sensitivity to low light levels by sacrificing fine spatial resolution (Martin, 1986; Orlowski et al. 2012) . Consistent with their lowered visual acuity, tytoines also have proportionally small labyrinths (Fig. 11) . If visual acuity is indeed a more important determinant of labyrinth size in tetrapods than is agility (or the ability to fly), this may also explain the apparent paradox of proportionally small labyrinth sizes in bats, which have low visual acuity, and have similar relative labyrinth sizes to those in other mammals (Davies et al. 2013) .
Unlike the situation regarding labyrinth size, the effect of labyrinth shape (i.e. proportional or topographic changes) on vestibular sensitivity is poorly constrained. For example, it has often been suggested that the relative sizes of individual canals are linked to the planes in which most rotation takes place during locomotion, or that differences in canal outline shape may affect sensitivity (Hullar, 2006; Cox & Jeffery, 2010; Ekdale, 2016) , and a theoretical framework for understanding the physical effects of changes to the vestibular organ on canal sensitivity is well established (Cox & Jeffery, 2010) . Nevertheless, few comparative studies have found strong statistical evidence that the specific shapes observed among species correspond to their locomotory behaviours. Contrary to prior expectations, Malinzak et al. (2012) found in primates that axes of maximum sensitivity (based on relative lengths of the canals) do not align with axes of rapid or slow head rotations (calculated from kinematic experiments). Instead, primates with faster head rotations have more orthogonal canal orientations, which provide more homogeneous sensitivity among different rotational planes. Because flight requires high agility, this observation predicts that flying birds (and especially agile flying birds) should have more orthogonal semicircular canal configurations than non-flying birds.
However, we find little evidence for a link between specific labyrinth morphologies and flying styles in birds. Critically, the angles between the planes of the semicircular canals of birds show no correlation to wing kinematics (BI), and are typically > 90°[ Fig. 4 : 94.0°(anterior-lateral canals), 98.0°(anterior-posterior canals), 93.0°(anteriorposterior canals)]. Given the fact that they can fly, it is reasonable to suggest that birds are more agile than most mammals, so it is surprising that the inter-canal angles of birds deviate more strongly from 90°than the mean intercanal angles seen in mammals (Berlin et al. 2013: 84.5°, 91.9°and 90.3°, respectively) . These observations seem to violate the prediction that more agile taxa should have more orthogonal canal configurations (Malinzak et al. 2012 ).
Although we did not find evidence for effects of wing kinematics and flying style on the morphology of the avian semicircular canals, we did find strong evidence of allometric shape changes, including changes in the angle between the planes of the ASC and LSC: small birds generally have a smaller angle between the planes of the anterior and lateral canals (Fig. 4a) . Small birds also have an anterior canal that is rotated posteriorly (Figs 3a and 5 ). Both changes represent prominent modifications of the ASC, and inspection of our virtual models suggests that these result from spatial constraints imposed by the brain, mostly by the mesencephalon and cerebellum. Both the brain (Jerison, 1973) and labyrinth (Jones & Spells, 1963) scale with negative allometry in birds (and other tetrapods). Therefore, constraint on the availability of space is most intense in smallbodied species. This is illustrated by the smallest bird in our dataset, the hummingbird Selasphorus rufus, which shows extremely strong posterior rotation of the anterior canal (Figs 3a and 12c,d) , and in the woodcock Scolopax ruficola (Figs 7d and 12a,b) , which seems to accommodate a proportionally long anterior canal by tilting it laterally, resulting in a proportionally low angle between the anterior and lateral canals (Fig. 4a) . The barn owl Tyto alba also has a relatively smaller labyrinth than the burrowing owl Athene cunicularia (Fig. 11) , which may result from the presence of an highly enlarged cochlea in tytoine owls (Fig 11; Walsh & Milner, 2011: fig. 11.5D ). Similarly, Davies et al. (2013) found evidence for spatial constraint on the size of the semicircular canals, imposed by the cochlea (which co-occupies the petrosal bone together with the semicircular canals in mammals) in echolocating bats. Both tytoine owls and echolocating bats also have low visual acuity compared with most other birds in our study (discussed above). This may also be linked to their small labyrinth sizes, and therefore provide evidence of spatially imposed trade-off between the sensory capabilities of the vestibular and auditory organs.
Based on these observations, we suggest that spatial occupation imposes a strong constraint on the geometry of the semicircular canal system in birds. Spatial constraint resulting from large labyrinth and large brain size in birds may limit the extent of tuning of the shape of the avian labyrinth in response to specific functional demands compared with other tetrapods such as mammals and squamates. In particular, this may explain why the inter-canal plane angles of birds deviate more strongly from orthogonality than those of mammals, and therefore have lower theoretical sensitivity than could be achieved by a more orthogonal configuration (Malinzak et al. 2012; Berlin et al. 2013 ).
Nevertheless, other aspects of allometric shape change in the bird labyrinth are shared with those of mammals. Our regression analyses show that smaller birds have proportionately longer LSCs, and this is also seen in primates and marsupials (Lebrun et al. 2010; Alloing-S eguier et al. 2013 ; other groups have not yet been studied). This proportional difference may relate to the greater potential for manoeuvrability in smaller-bodied birds and mammals. In support of this hypothesis, Cox & Jeffery (2010) documented a correlation of the proportional size of the lateral canal with agility in mammals. Nevertheless, BI, which correlates with wing kinematics and manoeuvrability in flying birds (Nudds et al. 2007 ), does not correlate strongly with any major axis of shape change recovered by our analyses, calling this hypothesis into question in birds, unless other aspects of wing shape (e.g. hand-to arm-wing ratio: Videler, 2005) or body size confound the manoeuvrability signal of the humerus-ulna ratio. Cox & Jeffery (2010) also suggested that the relative length of the lateral canal may correlate to the occurrence of 3D locomotory styles (e.g. flying, swimming vs. terrestrial locomotion). Our present taxon sample includes few evolutionary transitions between flying, flightless and swimming modes of locomotion, and has little power to test this hypothesis in birds. Furthermore, Smith & Clarke (2012) observed few qualitative differences among the labyrinths of swimming vs. non-swimming charadriiform birds. Quantitative work targeting a sample of taxa that documents evolutionary transitions between these locomotory modes is required to test their effect on labyrinth morphology.
Possible causes of the apparent absence of links between flying style and labyrinth shape in birds
In addition to our regression analyses, we also used 2B-PLS to analyse the association between labyrinth morphology and flying style. Overall, we document considerable variation in avian vestibular morphology (Fig. 6) , and 2B-PLS is a powerful technique for testing associations between blocks of multivariate data. Nevertheless, we find only equivocal evidence of such associations (discussed above). This suggests that flying style is not among the most important determinants of avian labyrinth shape. Nevertheless, other causes could explain also the apparent absence of this relationship. For example, it is possible that our method for characterising flying style is not capturing the relevant patterns of locomotion that are actually linked to labyrinth morphology. It is difficult to remedy this problem. Although anatomical measurements provide appealing proxies for flight kinematics, previous authors have noted the complex interdependency of BI (Wang & Clarke, 2014) and of external wing shape (Taylor, 2014; Wang & Clarke, 2015) on both function and phylogeny, and that such proxies may capture some, but not all, aspects of avian flying styles (Taylor, 2014; Wang & Clarke, 2014 , 2015 . However, approaches such as that used by Malinzak et al. (2012) , which calculated axes of rapid or slow head rotations from kinematic experiments, provide a potential future line of enquiry.
It is also possible that there is actually not a strict one-toone relationship between flight kinematics and labyrinth shape in birds. It is possible, for example, that multiple labyrinth morphologies can produce the same neurosensory performance, in an example of many-to-one mapping (Rabbitt et al. 2004; David et al. 2010) . Alternatively, evolutionary changes in visual acuity, changes in the visual environment through which a bird flies, changes in how that environment is perceived, and changes in how the optical sensory afferents are processed by the brain (Gaede et al. 2016 ) might be equally as important as labyrinth morphology for maintaining adequate head stabilisation reflexes. For example, Wylie & Frost (1996) demonstrated that the spatial planes of the optokinetic system of birds are organised with respect to the eye muscles rather than the semicircular canals. Therefore, the coevolution of the physical structure and orientation of the eyes with that of the semicircular canals may provide an example of multi-system many-to-one mapping. This hypothesis could be tested by characterising eye parameters for individual bird species and jointly analysing their evolution together with that of labyrinth morphology.
Recent experimental manipulations of the visual fields of flying birds (Bhagavtula et al. 2014; budgerigars) , and especially hummingbirds (Goller & Altshuler, 2014; Dakin et al. 2016) , have demonstrated the use of global optic field flow in stabilising flight (Goller & Altshuler, 2014) and avoiding collisions (Bhagavtula et al. 2011; Dakin et al. 2016) . Optical afferents are processed in the pretectal nucleus lentiformis mesencephali (LM) as part of the accessory optic system pathway that projects to folia IV-VIII, IXcd and X of the cerebellum (Pakan & Wylie, 2006) . This pathway is primarily important for global optic scene analysis, although input to folium IXcd also forms part of the optokinetic response for gaze stabilisation (Pakan & Wylie, 2006; Iwaniuk et al. 2007) . Hummingbirds exhibit unparalleled stabilised sustained hovering and the ability to fly in reverse. Perhaps surprisingly, therefore, their semicircular canals are not exceptionally large in relation to body mass when compared with other birds, and are not exceptionally different in shape to those of other birds (Fig. 3a) . Nevertheless, they possess a hypertrophied LM region (Iwaniuk & Wylie, 2008) . This recently has been shown to be potentially unique in vertebrates in that it has rapid sensitivity to relative changes in global scene features in all directions (Gaede et al. 2017 ; this region in other tetrapods is more sensitive to front-toback motion of the global visual field). This highlights the potential importance of global visual motion for control of balance in flight, and indicates that evolutionary adaptation of the optokinetic response may be of critical importance in the evolution of tetrapod locomotion. It is likely therefore that only some evolutionary changes in locomotory style might be reflected directly by changes in the physical structure of the labyrinth.
The physical structure of the semicircular canals may be somewhat tuned to particular locomotory abilities of individual species. Nevertheless, studies of labyrinth morphology in both mammals and birds have demonstrated that the morphologies of the semicircular canals frequently deviate from those that might theoretically be expected to optimise vestibular sensitivity to rotations in key planes of head motion (Hullar, 2006; Malinzak et al. 2012) . For example, the plane of each canal often deviates strongly from the anatomical planes of the head. This has been shown in crocodiles, dinosaurs, birds (Witmer et al. 2008; , squamates (Olori, 2010) and mammals (Cox & Jeffery, 2008) . In such cases, stimulation of multiple canals will occur when the head is rotated around the anatomical axes (Rabbitt, 1999) . Furthermore, a strong degree of variability in canal intersection angle (up to 30°deviation from othogonality) and extraocular muscle alignment has been demonstrated in mammals (Cox & Jeffery, 2008; Berlin et al. 2013 ), and we find on average even stronger deviations from orthogonality in birds. Both Malinzak et al. (2012) and Berlin et al. (2013) found that deviation from orthogonality is detrimental to vestibular sensitivity, but is nevertheless apparently widespread (see also Billet et al. 2012, in sloths) .
We have shown that much of the variation in labyrinth shape that is seen among birds (41.8% of shape variation is explained by PC1) may be linked to physical constraints regarding the space available to the vestibular organ (Figs 11 and 12) . In addition to the apparent allometric constraints demonstrated here, constraints could also be imposed by braincase size and structure, variation in orbit position within the skull, and variation in eye size among other factors (Cox & Jeffery, 2008) . This raises questions about how the vestibular system maintains its function when spatial constraints act to modify its form.
One possibility is that neural processing of vestibular and optic flow field stimuli can ameliorate the effects of suboptimal vestibular sensitivity incurred by deviations of the semicircular canals from orthogonal anatomical planes. Wylie & Frost (1999) showed that although such processing does occur in an optimal frame of reference in pigeons, peak sensitivity in the vertical planes (i.e. monitored by the ASC and PSC) actually occurs at an angle of 45°to the midline. Consequently, ostensibly poor labyrinth configurations may not have an appreciable effect on balance or gaze stabilisation, but instead represent neurosensory 'compromises' to accommodate competing ecological adaptations, such as larger eye or cochlea size in nocturnal taxa and skull-size reduction in small-bodied taxa. A 'fully-optimised' neurosensory system (in the theoretical sense) may also be less effective in real-world situations, in which species must be capable of performing and rapidly switching between a wide variety of locomotory behaviours. If so, more generalised visual and vestibular signals may offer a more resilient information source that is more easily tuned through plasticity of central nervous system control.
The possibility that sub-optimal labyrinth morphologies can function in a sensitive yet resilient manner highlights the observation that the vestibular system functions as an integral part of a complex proprioceptive system of balance that includes visual, vestibular and integumental signals, and not as an isolated accelerometer. The interplay between neural and sensory components of the systems controlling balance and gaze stabilisation are clearly complex. This makes the precise determination of the significance of small morphological changes for ecological inferences challenging, and perhaps impossible.
Birds have increased the lengths of the semicircular canals compared with other tetrapods (Jones & Spells, 1963) . Our comparative analysis of the avian labyrinth indicates that this has come at the expense of other aspects of morphological 'tuning', such as orthogonality among canal planes, contrasting with enhancement of orthogonality in agile mammals. Spatial constraints, phylogeny and allometric effects play more significant roles in determining the geometry of the avian labyrinth than do wing kinematics, flying style or even the ability to fly at all. Nevertheless, our study demonstrates the potential of the labyrinth for future analysis, especially when combined with other lines of evidence from skull size, shape, eye parameters and neuroanatomy.
Supporting Information
Additional Supporting Information may be found in the online version of this article: Fig. S1 . Summary of 2B-PLS results comparing multivariate flight style to PC shape axes for endosseous labyrinth morphology including outliers and including all shape axes. Fig. S2 . Summary of 2B-PLS results comparing multivariate flight style to PC shape axes for endosseous labyrinth morphology including outliers and including all shape axes except PC1. Fig. S3 . Summary of 2B-PLS results comparing multivariate flight style to PC shape axes for endosseous labyrinth morphology including outliers and including all shape axes, excluding four outlier taxa. Table S1 . Results of regressions of labyrinth inter-canal angles on body mass and BI. Table S2 . Results of regressions of positivised deviations of labyrinth inter-canal angles from 90°on body mass and BI. Table S3 . Results of regressions of summed positivised deviations of labyrinth inter-canal angles from 90°on body mass and BI. 
